Abstract-Power transformers are a central component in the field of energy distribution and transmission. The early recognition of incipient faults in operating transformers is substantially cost effective by lessening impromptu blackouts. A standout amongst the most responsive and dependable strategies utilized for assessing the health of oil filled electrical equipment is dissolved gas analysis (DGA). Nowadays, there is an expanding requirement for better nonintrusive diagnostic and online monitoring tools to survey the internal state of the transformers. Chemical sensors are viewed as a key innovation for condition monitoring of transformer health, coordinating the non-invasiveness with typical sensor features, such as cost, usability, portability, and the integration with the data networks. Low-cost chemical sensors-based DGA techniques are expected to drastically augment the diagnostic abilities empowering the deployment on a broader range of oil filled power assets. The recent development involves both specific sensors designed to detect individual dissolved gas in transformer oil and non-specific sensors, operated in near ambient conditions, with the potential to be applied in a DGA system. In this paper, general background and operating guidelines of DGA are presented to address the origin of the gas formation, methods for their detection and the interpretation of the results by data analytics. The recent significant interest and advancements in chemical sensors to DGA applications are reviewed. Future research perspectives and challenges for the development of novel DGA chemical sensors are also discussed.
I. INTRODUCTION

E
LECTRICAL power transformers are used in electrical circuits to step-up or step-down the line voltage, therefore playing a vital role in the electrical power transmission and distribution network. Large power transformers have a normal life expectancy of sixty years if routine maintenance are performed [1] . Despite this, in-service failures can occur which are perilous to the operation of the electric system with substantial related financial and social expenses for both consumers and industry. As indicated by the International Association of Engineering Insurers (IMIA) report on the losses of transformers rated at 25 MegaVoltAmperes (MVA) and above between 1997 and 2001, the largest transformer loss happened in 2000 at a power plant with a business interruption cost more than 86 million US dollars [2] . The average cost associated with property damage was about 9,000 US dollars per MVA [2] Not just has the cost of repair expanded significantly, so has the cost of downtime that can take six to twelve months due to rewinding or rebuilding a large power transformer [2] . The custom nature of designs for a specific installation precludes flexible deployment of excess capacity of these critical assets. A growing need for accurate diagnostic instruments have prompted the development of various analytical techniques in the maintenance of electrical power substations.
One of the most informative methods for transformer diagnostics is monitoring the gases dissolved in the transformer oil, also known as dissolved gas analysis [3] . Oil filled transformers utilize an insulation oil that is stable at high temperatures, also often found in some power cables and high-voltage electrical devices [4] . Insulating oil in electrical power assets serves two primary roles: an insulator and a coolant. The most crucial characteristic of an insulating liquid is a high dielectric strength, and as a cooling fluid, a low viscosity is paramount. The principal sources of insulating oil degradation and decomposition are oxidation, contamination, and excessive temperature [5] . As these degradation methods occur, the oil loses its insulating properties, and a path to failure can occur unless mitigated. In addition to normal aging impacts, insulation oil degradation can be caused by a design flaw, poor installation processes and excessive operation of the oil-filled power apparatus. Throughout a power asset's life, tests must be carried out to evaluate the condition of the insulating oil. In fact, for some assets, the oil is tested more frequently than any other components.
Dissolved gas analysis consists of detecting the generation of certain gases from the insulation oil, evaluating the impact of the presence of the anomalous gases, communicating the possible path and time to failure to the monitoring owners, who can then evaluate the impact of a malfunction, repair strategy and take the recommended actions [6] . Monitoring the categories, concentrations and evolution trends of dissolved gases generated in the transformer oil is usually the first available indication of the running state and health of transformers. In the case of oil-insulated electrical cables that are used to lead power lines from large power plants to distribution systems, degradation or potential faults associated with the cable materials can also be monitored by the condition of the insulation oil [7] .
Preceding the 1980s, the main path to assess the health of a transformer was to sample its insulating oil periodically by transporting it to a lab for chromatography analysis [8] . The separation, identification and quantification of these gases require the utilization of sophisticated laboratory equipment and technical skills with several days to complete. It is possible that some important but short-lived gases will diffuse from the oil before a sample can be measured or a rapid transformer failure occurs before a DGA sample was ready. On-line dissolved gas analysis monitors were invented in the late 1990s [9] , which measured the concentrations of hydrogen and other combustible gas in transformer oil to predict potential transformer problems. Modern on-line DGA systems monitor concentrations of different combustible gases, and other oil conditions such as dielectric strength and moisture [10] .
One of the key components in the on-line DGA system for transformer monitoring is the chemical sensor [11] . The methodology and applications of designing sensors to measure electrochemical and optical signals is well established. Chemical sensors can be placed in many harsh environments while creating a nonexistent minimal footprint on the system to be measured and maintaining high sensitivity. Continuous monitoring of temperatures [12] and dissolved gases [13] can be performed in real time without disrupting the operation of the system. Oil can be monitored continuously, generating consistent DGA data on the types and concentrations of gases present without the requirements for sampling oil and sending the oil out for analysis. The immediate feedback and information about transients can improve the quality of asset monitoring. Although current monitoring technologies exist, often deployed on large power transformers, the associated costs are too great for widespread deployment on all but the most critical of electrical assets. This cost factor limits the utilization of ubiquitous DGA on distribution equipment, as the nature of distribution is to have large numbers of highly distributed smaller power components. Deploying the existing technology, for example, on 1000 customer locations per 1 large power transformer is not feasible at present. Novel sensor approaches that minimize the footprint and cost of novel chemical sensors compatible with electrical asset insulation oil monitoring will ultimately allow the deployment on a broader range of power assets, essential for expanding from large power transformer monitoring to other transmission and distribution assets including but not limited to distribution transformers.
II. FUNDAMENTALS OF DISSOLVED GAS ANALYSIS
A. Origin of Gas Formation
The most common transformer oil is mineral oil, a light mixture of higher alkanes from a mineral source. The decomposition of these hydrocarbons occurring in thermal or electrical faults can lead to the breaking of carbon-carbon and carbon-hydrogen bonds [6] . The resulting free radicals of hydrogen and hydrocarbon fragments react with each other to produce low-molecular-weight gas molecules that tend to stay dissolved, such as methane, ethane, hydrogen and acetylene, although signatures of these gases will also be present in the gas blanket present over the insulation oil. The two principal reasons for gas generation inside a working transformer are thermal and electrical disturbances, including overheating, partial discharge and arcing [6] . These events can occur singly or simultaneously, to produce various combustible and noncombustible gases. The primary faults associated with each of the key gases are presented in Table I [14] .
When the transformer oil is undergoing heat or electrical stress due to the internal faults, various gases are produced through complex chemical reactions and stay dissolved in the oil. The gas products from the oil decomposition change based on the temperature reached at hot spots in the transformer. Therefore a correlation between the gas type and temperature can be established. At a hot spot with temperatures between 150°C to 300°C, a significant amount of hydrogen (H 2 ) and methane (CH 4 ) and trace amount of ethylene (C 2 H 4 ) and ethane (C 2 H 6 ) are generated due to inadequate cooling in the winding, core or supporting structures of the transformer. When the temperature is raised above 300°C but less than 700°C, the amount of H 2 exceeds that of CH 4 and large quantities of the high molecular weight gases (C 2 H 4 and C 2 H 6 ) are produced. As the temperature reaches 700°C, a trace amount of acetylene (C 2 H 2 ) starts to appear with increasing quantities of H 2 and C 2 H 4 . Typically, non-electrical thermal faults only occur at a temperature below 700°C. C 2 H 2 is the highest in generation initiating temperature: its production starts from about 700°C and its amount shows a steady rise with the increasing temperature, though this level remains much lower than that of the hydrogen gas. Also, thermal faults may evolve into electrical faults, such as arcing which may be a source of error in diagnosis. The thermal decomposition of cellulose paper and solid insulation structures produce mostly carbon monoxide (CO) and carbon dioxide (CO 2 ). Also, moisture generated by cellulose decomposition will accelerate further decomposition, especially in sealed units. Therefore, based on the temperature of the oil decomposition and the formation of gases for that temperature, it can be determined that an internal fault may occur in the transformer.
Electrical faults occur as a result of low energy partial discharges or high energy arcing. As the discharge changes from low energy to high energy, the concentrations of C 2 H 2 and C 2 H 4 increase drastically. The low temperature accompanied with partial discharges (150°C to 300°C) produce mainly H 2 , with small quantities of CH 4 and trace amounts of C 2 H 2 . II   DISSOLVED GAS CONCENTRATIONS FOR THE KEY GASES AND TOTAL DISSOLVED COMBUSTIBLE GAS (TDCG) When the intensity of the electrical discharge reaches arcing and temperatures rise from 700°C to 1800°C, the amount of C 2 H 2 becomes dominant along with H 2 . Note that these high temperatures are also produced by welding associated with repairs and service of assets, complicating fault diagnosis to some extent.
B. Suggested Operating Procedures for DGA
1) Key Gases Evaluation:
The operators of transformers for which no previous gas analysis data exists, must initially rely on certain operating procedures for guidance that indicates whether the transformer is operating in the normal or warning range. The suggested guidelines used for this purpose must be generally accepted by laboratories, manufacturers and operators representing industry practice. In-service transformers with normal operation always have trace quantities of combustible gases present and dissolved in the oil. Only when these levels exceed a threshold value is a fault suspected. Several recommended safe values have been summarized [1] , from which the IEEE standards are listed Table II [6] . A fourlevel criterion using the concentrations of individual gases and total dissolved combustible gas (TDCG) has been developed to classify risks to transformers [6] : Condition 1 (standard): gas concentration below this level indicates the transformer is operating normally.
Condition 2 (caution): gas concentration within this range indicates greater than normal dissolved gas level.
Condition 3 (warning): gas concentration within this range indicates a high level of oil decomposition.
Condition 4 (danger): gas concentration exceeding this value indicates excessive oil decomposition.
The condition for a particular transformer is determined by comparing the highest level of individual gases or total dissolved combustible gas (TDCG) detected by DGA with the threshold values listed in the table. The transformer is then assigned to a particular condition within which either TDCG or any individual gas concentration match. After the evaluation for the impact of an abnormality, different actions can be taken to alleviate the transformer load and solve the problems.
2) Gas Generation Rate: A high level of an individual gas or a distribution of fault gases may be produced and accumulated over an extended period by normal operation or a relatively insignificant fault. They may be also present in a very short period by a more severe fault. A static measurement will not indicate the rate of gas generation or the severity of the fault developing over time. Once a questionable gas presence is detected, it is essential to decide whether the fault that generated the gas is active. It is recommended that gas concentrations be trended over a period so that the gas generation rate can be assessed. Basically, any sharp increase in the evolution rate over a short period is indicative of a potential fault within the transformer. Based on IEEE Standards [6] , a development rate greater than 2.8 L of combustible gas per day may indicate an active internal fault. The gas generating rates can be defined by the following equation [6] :
where R is the rate (liters/day) S 0 is the first sample (microliters/liter) S T is the second sample (microliters/liter) V is the tank oil volume (liters) T is the time (days) 3) Gas Ratios: Once key gas concentrations have exceeded the threshold values, the application of gas ratios to indicate the potential time to and type of fault could be considered. The diagnostic theories are known as Doernenburg ratio and Rogers ratio, which employs an array of ratios of certain key combustible gases: CH 4 /H 2 , C 2 H 2 /C 2 H 4 , C 2 H 2 /CH 4 , C 2 H 6 /C 2 H 2 , C 2 H 4 /C 2 H 6 [15] . The employment of ratios as the fault type indicators are based on the varying rates of the gas generation as a result of temperature and energy variations for different fault modes, and the varying rates of the gas dissolution into the transformer oil. Fault diagnosis is accomplished by evaluating different failure modes and associated ratio ranges listed in Table S1 [6].
4) Application of Computer Simulation and Data Analytics for DGA:
Conventional DGA application relies on either basic analytics techniques or more commonly, humans in the loop to interpret the relationship between the gases and the fault conditions, and determine an appropriate path for mitigation and response. The emerging field of modeling and simulation, which supports experimentation and facilitates analysis of operational data, has been applied for prognostic and health management of active assets in nuclear power plants [16] , [17] and estimating the moisture content inside the breather of a power transformer [18] . Recent advancements in computational techniques have contributed to the growth of powerful, versatile analytics which in combination with new sensing, could enable significant leaps forward in the field of transformer monitoring. Various analytics techniques have been developed to interpret test data and predict insulation condition, such as Expert System (EPS), Artificial Neural Networks (ANN) and Fuzzy Logic. They can reveal some of the hidden relationships in fault diagnosis that may be unknown to experts. These analytical techniques are reliant on the presence of DGA sensing data, which is always local to the transformer in question. In the electric distribution system, where DGA sensors are not widely deployed to a large degree, incipient failure is not often readily detected. More often a basic operations and maintenance analytics strategy is utilized to determine the time to failure and repair needs for systems, through determining the transformers lifetime potential and potential failure modes of transformers from existing manufacturer data. Recent advances in monitoring the power and voltage at a household level with smart metering, combined with anomaly detection and pattern recognition algorithms, have led to prediction and prevention of failure due to manufacturing defects across a suite of transformers. Potential strategic sensor placement in at the distribution level in combination with risk based methodologies (i.e. determining time to failure, or potential stress areas) and traditional analysis, could lead to a powerful advancement in operational knowledge for distribution transformers [19] . Advancement in this field requires specific cross domain expertise and computational power in multi-variate environments, a significant challenge for the existing data analytics field which often is performed with a singular data source.
More often than not the first indication of a transformer failure in the distribution system is a customer power quality or outage report. The sheer volume of nodes, equipment and customers in distribution, leads to a challenge in application of ubiquitous real time sensing and DGA would need to be sufficiently inexpensive to meet the needs of small size, high volume devices.
Three types of analytics are evaluated. Expert System utilizes a set of rules for the presence of anomalous gases, input from human experts, to determine the abnormal and normal state of the transformer. Fuzzy Logic utilizes measured data from DGA to evolve the initial rule set defined in a similar way to the first method. Artificial Neural Network utilizes the measured data to learn the baseline and failure mode behavior of the system. These three methods are now discussed in more detail.
Expert Systems are knowledge-based systems designed to support decision-making. Information from DGA standards and other human expertise contributes to the knowledge base, meaning the precision and integrity of that human knowledge determines the system accuracy and performance. Lin et al. [20] developed an expert system for diagnosis of suspected transformer faults. The system applied the synthetic expertise method to incorporate the gas ratio method in DGA with Norms threshold, gas rate, total combustible gas and other evidences under the experienced procedure for practical use. Fuzzy set models were also applied to manage diagnostic uncertainties. The gas data from 101 transformer records in abnormal conditions were justified by this system. The diagnostic results agreed with the actual fault type and the human expertise could be reserved.
The conventional fault diagnosis is based on the gas ratio of a single fault or one dominant fault in multiple faults. When more than one type of faults exist, gases from different faults are mixed. The relation between different gases becomes complicated and the boundary of gas ratio outlining conditions requiring maintenance become challenging to identify. These restrictions entail the development of Fuzzy logic technique that can analyze multiple faults and provide the possibility and severity of each fault quantitatively [21] . Huang et al. [22] described an evolutionary Fuzzy logic system to improve the accuracy of transformer fault diagnosis by the conventional DGA methods. An evolutionary programming based algorithm was employed to modify the fuzzy if-then rules and adjust the membership functions of subsets based upon learned behavior. Comparing with the Dornenburg and Rogers ratio approach, the proposed system had the highest diagnosis accuracy for 561 practical gas records from 156 -transformers rated at 69 kV. It could also provide decision support by acquiring new DGA criteria, which was essential in designing diagnosis systems and evaluating practical fault cases. Su et al. [23] presented a fuzzy logic technique by employing fuzzy boundaries between different IEC codes with demiCauchy distribution to monitor the relative changes of multiple faults. Each fault was evaluated by the fuzzy vector. The proposed method could provide additional information that was missing in conventional diagnosis. It could also determine the likelihood or dominance of a particular fault quantitatively by trend analysis.
Rather than explicitly programmed expert and fuzzy systems, the Artificial Neural Network (ANN) can learn from the actual examples through training process to achieve high diagnosis accuracy. An ANN design is composed of interconnections between computation units (neurons) in different layers. The data is transferred via synapses (weights) between layers. The most attractive feature of ANN is to solve problems by learning even with limited sample data. Zhang et al. [24] reported an ANN approach to diagnose transformer faults based on DGA. Two ANN were built to differentiate the fault conditions with or without cellulose involved. Five key gases were included as inputs in the first ANN to classify major fault types while CO was added in the second ANN to determine cellulose degradation. Based on the two ANN database, ten new sample sets were tested and the results matched well with the actual inspection. Guardado et al. [25] conducted a comparative study on neural network (NN) efficiency. The training used five key gases and five DGA criteria, while a new set of 33 unknown inputs were used to assess the NN performance. The efficiency of different diagnosis criteria fell in the range of 87-100%. It was concluded that the system reliability could be improved by using NN with several DGA criteria. Wang et al. [26] combined ANN with expert system to take advantages of self-learning capability and knowledge base for transformer fault diagnosis. An optimization mechanism was applied to coordinate the two systems for a weighted final diagnostic result. The overall performance surpassed ANN or EPS used individually. Naresh et al. [27] proposed a combination of NN and fuzzy system to enhance the performance of transformer fault diagnosis. The integrated approach employed the feature selection algorithm on the training data to rank the importance of the fault gases. Then the fuzzy rule base was extracted by the subtractive clustering method for the identification of fault. The analysis of practical data demonstrated that the proposed system showed higher accuracy compared with conventional Roger's ratio method.
All the techniques for analytics discussed, rely on training with a dataset with a known failure. This could lead to significant issues in detecting new anomalous conditions. Edge detection and event thresholds for potential anomalous gas behavior could be utilized in combination with these techniques to ensure unknown conditions can be identified. For example, a strategy which may computationally be more significantly intense, with much more sensitive anomaly detection thresholds, could later be tuned to be more efficient. The burden in initial startup could be reduced during operational time. In an actual operational scenario in a different large power transformer environment, the presence of a known failure is a large scale event, and a successful sensing and analytics strategy would have detected and warned of the potential for that event prior. Conservative estimates for the dissolved gas concentration would be utilized to ensure no false negatives are obtained, and a training dataset is a challenge for all potential scenarios of transformer failure.
An alternate strategy for developing the training datasets would be in application of physical and large scale modeling of the transformer failure scenarios, with appropriate chemical and electrical simulation to determine the signatures of incipient failures.
C. Procedures for Obtaining Samples of Dissolved Gases
In conventional DGA, an oil sample tube or an oil syringe is used to acquire, hold and transport the oil sample. Then dissolved gases are extracted or stripped from the oil and delivered into a gas chromatograph system. Apparently the sample under test must be in the same condition as it is inside a transformer with all dissolved gases. Samples of gases can also be collected from the gas space above the oil. Gas space extraction is explained in ASTM D3612C [28] . This practice covers three methods for extraction and measurement of gases dissolved in oil, including vacuum extraction, stripper column extraction and headspace sampling. Then the extracted gases are introduced into a gas chromatograph. Gas space and oil equivalents are used to compare the total combustible gas (TCG) results of the gas space with the total dissolved combustible gas (TDCG) results of the gases dissolved in the oil. Assuming there is an equilibrium between the gas space and the oil, the dissolved gas equivalent of TCGe is obtained using the following equation [6] :
where TCGe is an estimate of the percent of combustible gas in the gas space C is the combustible gas G is each gas dissolved in oil F c is the concentration in microliters/liter (ppm) of combustible gas dissolved in oil B c is the Ostwald solubility coefficient of combustible gas F g is the concentration of a particular gas dissolved in oil B g is the Ostwald solubility coefficient of a particular gas
D. Laboratory Methods for Analyzing the Dissolved Gases
Laboratory methods that are used for monitoring the multicomponent trace gases dissolved in transformer oil includes chromatography, spectroscopy and chemical sensors. The traditional method of analyzing dissolved gas in a transformer is using gas chromatography (GC) [29] , [30] . The most popular spectroscopic techniques that have been applied to DGA are photo-acoustic spectroscopy [31] and infrared spectroscopy [32] . Nowadays, online DGA techniques have become increasingly vital for timely fault diagnosis regarding the difficulties associated with the use of benchtop instruments in field-based activities. Gas sensor technology is the core of online monitoring and has great potential to detect characteristic fault gases [33] . Owning remarkable benefits of simple fabrication, low cost, high sensitivity and rapid detection, electrochemical sensors based on semiconducting metal oxides using SnO 2 [34] , ZnO [35] , TiO 2 [36] , and In 2 O 3 [37] , etc. have been broadly utilized to detect flammable, explosive, and toxic gases. Gas sensors using optical fibers have also become very attractive as they can be made simple, small, inexpensive and compatible with the electrified environments relevant for power transformers and other electrical assets without the risks of shorts, sparks, or electromagnetic interference [38] . In this way, optical fiber based sensing approaches allow for gas detection and monitoring within such inaccessible and explosive environments [39] . For the potential applications in DGA, current chemical sensing strategies have focused on the detection of hydrogen, methane, carbon monoxide and acetylene, which are the most common and informative dissolved gases in transformer oils. The growing interest in continuously monitoring the moisture content in transformer oil has also driven the development of chemical humidity sensors that can prevent catastrophic failures.
E. Moisture Analysis
The transformer oil has a low affinity for water and water can exist in three states [40] : most water molecules are dissolved in oil with low solubility; some water molecules are also bound to oil aging products through Van Der Waals and hydrogen bonds [41] ; free water molecules form and precipitate in suspension or drops when the moisture exceeds the solubility for a particular temperature. Water molecules can originate from both internal and external sources. The internal degradation of oil/paper insulation produces water, while the atmospheric water gets in via leaks into the transformer. The presence of moisture has detrimental effects on transformer performance by decreasing both the dielectric strength of transformer oil and the mechanical strength of insulation paper. The deterioration of oil/paper insulation is also accelerated by liberating more water into the system. It has been reported that each time the moisture is doubled in the transformer oil, the life of the insulation is cut by one-half [42] . Under normal operating conditions, the moisture concentration is in the range of 10 to 100 ppm in oil and 0.5 to 5% in paper from 0 to 100°C [43] . For service-aged transformers rated less than 69 kV, between 69 and 230 kV, and greater than 230 kV, the acceptable moisture at 60°C should be less than 35 ppm, 20 ppm and 12 ppm, respectively [42] . If values are higher than these limits, the transformer should be dried out with vacuum or the oil should be processed with re-circulation. The water in the oil is only a minor part of the moisture in the transformer. There is much more water in the paper insulation than in the oil because paper can absorb water readily. In a new transformer, the moisture content of the paper insulation is less than 0.5% by dry weight (M/DW). When the moisture goes above 2.5% M/DW, transformer maintenance should be performed to reduce the moisture. The temperature can affect the water distribution between oil and paper. When the temperature increases, water is released from paper into oil and vice versa with the temperature decreasing. Therefore, assessing the moisture content in the oil should also consider the temperature variation and the moisture in the insulation paper.
F. Dissolved Gas and Moisture Content in Real Transformers
Case studies of real transfromers are presented to understand the fault diagnosis and interpretation techniques using DGA and moisture analysis. Mehta et al. performed DGA fault diagnosis to interpret the transformer conditions after 1992 commission using a MATLAB program expert system [44] . In a 2.1 MVA, 33 kV/70-100-150 V transformer with frequent Buchholz relay tripping, the DGA results showed the following key gas concentrations: 2078 ppm H 2 , 486 ppm CH 4 , 1508 ppm C 2 H 4 , 380 ppm C 2 H 6 , 700 ppm C 2 H 2 , 300 ppm CO and 2600 ppm CO 2 . Based on the diagnosis of the MATLAB expert system, the electrical discharge and thermal fault was confirmed. The diagnosis was then visually validated after transformer shutdown and untanking. It was found out that a carbonized and deteriorated bolt led to a loose connection of lead with diverter. In a 50 MVA, 132/66 kV transformer, the generated key gases contained 57 ppm H 2 , 589 ppm CH 4 , 749 ppm C 2 H 4 , 211 ppm C 2 H 6 , 869 ppm CO and 6226 ppm CO 2 . A high-temperature thermal fault was confirmed by different expert systems, and burned core laminations were found due to high circulating currents and hotspots after visual inspection. Mohseni et al. monitored the dissolved key gases and moisture content of a 200 MVA step up transformer over five years [45] . The concentrations of C 2 H 4 , CH 4 , CO, CO 2 and moisture rise from 0.1 ppm, 2.25 ppm, Schematic representation of the experimental to simulate high-temperature thermal faults in transformer oils [48] .
135 ppm, 250.43 ppm and 10 ppm to 4500 ppm, 65022 ppm, 8718 ppm, 6380.6 ppm and 45 ppm, respectively. The increasing moisture level led to the degradation of cellulose paper, which was also indicated by the increase in CO and CO 2 content. Belmiloud [47] . The water content in oil rise from 24 ppm to 49 ppm following the heating of the transformer from 40°C to 70°C, indicating a >2.5% water contamination. Further direct test on pressboard samples after draining the oil showed a real water content of 2.75%.
G. Implementation of Chemical Sensors in Oil Environment
The sampling techniques in Section II.C have provided insights to implement different chemical sensors in the oil environments, which could either expose the sensor directly in the oil to measure the dissolved gases, or place the sensor above the oil to measure the extracted gases. A thermal faults simulation system comprised of a pipe heater, an L-shaped stainless steel container and a muffle furnace was constructed to generate dissolved fault gases from the oil at temperatures from 300°C to 800°C (Fig. 1) [48] . The L-shaped design, which allowed 30 mL of oil to be heated at one hot spot in the pipe heater and the resulting fault gases to be diffused into the stainless-steel container with 0.5 L oil, reflected the practical situation of overheating faults in the transformer. Another facile approach to create dissolved gases are performed by bubbling cylinder gases into the oil and vigorously stirring. After reaching equilibrium between the gas in the feed flow and the dissolved gas in the oil, the dissolved gas concentrations can be determined by Henry's Law. Although it is preferable to immerse sensors directly into the oils, measuring the gases above the oil is an alternative approach that is compatible with a wider range of sensor designs. Several systems have been developed to extract dissolved gases from oil, such as vacuum suction system, permeable membranes, and air blow system [49] . Among them, the air blow system was the most efficient for quick field measurements. By repeatedly circulating a given amount of air in the oil, an equilibrium of the gas concentration was quickly established between the oil and the air space. Another test setup was built for the generation and collection of decomposed gases by dropping 10 μ L of oil from a syringe onto a heated aluminum plate [49] . A carrier gas of N 2 delivered the gas mixtures into a gas space where the volume of gas available was small.
III. CHEMICAL SENSORS FOR DGA APPLICATIONS
A. Hydrogen
The occurrence of increasing amounts of dissolved hydrogen in the insulation oil is usually the first evidence of an incipient fault occurring in the transformer [50] . In fact, hydrogen is produced in most transformer faults and thus it can be used to monitor the condition inside the transformer [51] . In order to follow the hydrogen concentration continuously and thus provide a continuous monitoring of the health status of the transformer, the sensor needs to have the following specifications [52] . First, the limit of detection should be at least 100 ppm and the range of detection should be extended to thousands of ppm as indicated in Table II . The sensor must be able to operate in a transformer at a temperature range from ambient to 110°C. Selectivity toward hydrogen is crucial, and cross-sensitivity to other dissolved gases must be negligible to avoid false alarms. Stable operation of the sensor to hydrogen on a time scale of a few years is also essential. Although there are very limited amounts of reported sensors which can meet all requirements, recent developments have provided novel concepts and directions to address these challenges [53] . A summary of sensors focused on the detection of H 2 at ambient conditions are provided in Table III .
Most room-temperature hydrogen sensors are based on the interaction between monolithic thin films of palladium and hydrogen, which results in physical or optical changes as the sensor signal. In the presence of H 2 , the reaction product is either a solid solution of Pd/H at low H 2 pressure or a palladium hydride at high H 2 pressure [54] . Bodzenta et al. [55] reported a thin palladium film deposited on a glass plate for the detection of H 2 dissolved in the transformer oil. The sensor can provide both resistive and optical signal simultaneously and demonstrated high sensitivity to 200-1500 ppm H 2 dissolved in oil at 20-120°C. However, the sensitivity and response time was affected strongly by the oil temperature, which could be explained by the temperature effect on the dynamic equilibrium between the adsorbed H 2 in the film and the free H 2 molecules dissolved in oil and the quick aging of Pd films at high temperatures. A variety of palladium alloys, such as Pd-Ag and Pd-Ni have been employed to alleviate stresses and hysteretic H 2 sensing responses associated with a well-known phase transition resulting from high levels of H 2 uptake [56] , [57] . Butler et al. [58] reported a micromirror fiber optic sensor based on Pd-Ag to detect hydrogen dissolved in oil over the temperature range of 20-120°C, with a sensitivity of approximately 100 ppm. They maintained stable sensing films in oil by making coatings that can relieve stress and at the same time reserve the response time and sensitivity in oil. Optimizing the microstructure by reducing the grain size or thickness of the films is another path to improve the sensor performance. Yang et al. [52] prepared an array of 30 Pd nanowires by the lithographically patterned nanowire electrodeposition (LPNE) method (Fig. 2) . While exposed directly to the flowing oil with electrical contacts, the sensor exhibited excellent sensitivity towards sub-ppm to thousands of ppm levels of H 2 dissolved in oil at 21 to 70°C. After 150-day continuously flowing of transformer oil, the sensor maintained its functionality without nanowire failure. This work has demonstrated direct technological relevance for DGA, although the authors suggested plans to investigate the sensor stability for longer periods of a year or more.
Nanocomposite Pd-based thin film systems are also emerging as a novel approach to minimize adverse microstructural impacts associated with the stresses of H 2 absorption while also providing for enhanced tunability of the optical response. Ohodnicki et al. deposited Pd and AuPd alloy nanoparticle incorporated SiO 2 thin films onto optical fiber for H 2 sensing [59] . The oxidation and reduction of noble metal nanoparticles as well as the elevated temperature were observed to impact the sensor response significantly. Nevertheless, selective and sensitive H 2 sensing responses have been demonstrated at levels between 2% to 100% in the presence of CO and O 2 near room temperature. To be applied in DGA, the sensor still need to demonstrate its capability for the detection of low-levels H 2 and survivability in flowing oils. However, this platform clearly shows the potential for safe and accurate monitoring of H 2 in the electrical power assets because of the inherent advantages of optical fibers [60] . Fisser et al. [61] reported a optical fiber sensor based on fiber Bragg grating to detect dissolved hydrogen in transformer oil. Two Pd foils with 20 and 100 μm thickness were wrapped around the fiber with adhesive, respectively. The sensors showed response to 20-3200 ppm dissolived H 2 in oil at 90°C. Dai et al. [62] [65] showed that a PTFE-Pd-capped Mg-Ti thin film based fiber optic sensor can detect the dissolved hydrogen concentration between 5-15 ppm at 21°C, 5-30 ppm at 40°C, 5-130 ppm at 60°C, and 5-1500 ppm at 80°C. The results indicated that a larger range of H 2 concentrations could be measured at higher temperatures, which are more relevant for the temperature of an operating power transformer. Furthermore, the sensor showed a good selectivity in the presence of dissolved CH 4 and O 2 although high concentrations of oxygen adversely affects the sensor's response due to a competitive water formation reaction. The sensor performance could be improved by alloying the catalytic palladium layer with copper in an oxygen-containing oil environment. It was also found that carbon monoxide had a detrimental effect on the sensor kinetics and optical response due to the physical adsorption of carbon monoxide on the palladium surface, which reduces the number of available dissociation sites for hydrogen adsorption. The authors indicated that further research is required to develop a suitable coating to prevent CO contamination of the catalytic surface. Uddin et al. [66] fabricated a palladiumdecorated zinc oxide nanorod array on polyimide (PI) tape as a resistive sensor to detect dissolved hydrogen in the transformer oil. The sensor was able to detect dissolved H 2 range from 5 to 1000 ppm within the oil temperature range of 40-80°C and showed a good stability of two months in oil environments, which was attributed to the core-shell structure of the Pd NPs covered ZnO nanorod. The Pd shell not only promoted the H 2 adsorption on the sensor surface but also protected the ZnO in the oil, leading to a reasonable working stability of two months. In spite of a slower response and recovery time observed at low temperatures due to the low dissolvability of H 2 gas molecules in oil, this sensor has the potential to be applied in a working transformer.
GaN-based gas sensors have been shown to be effective hydrogen sensors in harsh environment. Sandvik et al. [67] reported a Schottky diodes sensor for hydrogen sensing in transformer oil. The Schottky contact was made between the Pt metal and the n-type GaN layer. The sensor was immersed in oil ranged from 15 to 75°C and exposed to 0-1000 ppm dissolved H 2 for 21 months' continuous measurement. The nonlinear responses showing smaller responses at higher H 2 levels were explained by the saturation of adsorption sites. Based on the sensitivity of the diodes to both H 2 and temperature, the authors proposed a future design of incorporating another Schottky diode as a temperature sensor to improve the sensor capability for transformer monitoring.
B. Methane
Methane is associated with the presence of both thermal and electrical faults. A concentration below 100 ppm is considered normal, and concentrations above 1000 ppm reveals overheated oil or partial discharges. The metal oxides have been widely used for the development of methane gas sensors. However, Most of the metal oxides based sensors can only detect methane at high temperatures (>300°C) [68] . It is well known that methane is relatively difficult to be detected by metal oxides with high sensitivity at temperatures lower than 350-400°C due to its thermodynamic stability, which makes it the most stable gas to oxidation among hydrocarbons [33] , [69] . Therefore, recent efforts have been focused on reducing the sensing temperature by doping of noble metals or making nanocomposites. A summary of sensors focused on the detection of methane at ambient conditions are provided in Table IV .
Compared with conventional thick or thin film sensors, the surface modification of metal oxide films by incorporating noble metal particles have been approved as an effective approach to enhance sensing performance and reduce the operating temperature [70] , [71] . For example, the operating temperature for detecting CH 4 has been lowered by tailoring ZnO based sensors. Palladium−silver (70−30%) alloy was deposited on porous ZnO thin films with a dotted pattern by e-beam evaporation technique [72] . A relatively low operating temperature of 100°C was achieved for the detection of 0.1% to 1% CH 4 , and a high selectivity against H 2 S and CO was demonstrated (Fig. 3) . Ghosh et al. [73] treated the ZnO-Zn(OH) 2 precursor by oxygen plasma bombardment and obtained a ZnO/ZnO 2 n-N straddling isotype heterostructure. The heterostructured films demonstrated a high selectivity towards CH 4 against CO and H 2 S and the sensitivity to 1% CH 4 was 96% at an optimum temperature of 130°C.
Vanadium dioxide possesses a unique property of semiconductor to metal transition around 68°C [74] , [75] . Its semiconducting state prevails at near room temperatures, which makes it a promising sensing material for low-temperature methane sensors. Single phase vanadium dioxide nanostructured films were synthesized for methane sensing at near room temperature [76] . In the semiconducting state at 50°C, the sensor showed the best performance towards 50-500 ppm CH 4 , while the metallic state at higher temperatures led to a decrease in sensor response. The sensor did not show any response to other interfering gases such as NO 2 or H 2 but showed some response to NH 3 due to catalytic activity of VO 2 . Liang et al. [77] prepared Au-loaded vanadium oxides (VO x ) thin films on the sapphire substrates by dc-magnetron sputtering and rapid thermal annealing techniques. The sensing behavior was studied at 25, 60 and 100°C for 500-2000 ppm CH 4 . The sensor demonstrated good selectivity against ammonia, ethanol and acetone, and a small interference from NO 2 .
Conducting polymers which work at room temperature have attracted widespread attention for sensing materials. Among various conducting polymers, polyaniline is easy to be synthesized and has excellent mechanical properties [78] . Multilayer thin films of polyaniline/PdO composites were fabricated with layer-by-layer (LbL) self-assembly on a QCM device for the detection of methane at room temperature [79] . A better response at 27°than that at 50°was observed in the presence of 0.3% to 0.8% CH 4 . Polyaniline not only acted as a sensing material but also promoted a good dispersion of PdO NPs due to its porous structure.
Apart from metal oxides, carbon nanomaterials are attractive materials for gas sensors because of their high specific surface area and good conductivity [80] - [82] , Pd-loaded singlewalled carbon nanotubes (SWNTs) showed room-temperature responses to 6-100 ppm CH 4 by forming a weakly bound complex [83] . The power consumption of the sensor was only several mW, which was attributed to the large surface area of SWNTs for CH 4 adsorption. Pd/multi-walled carbon nanotubes (MWCNTs) composites have been used to detect CH 4 at ambient conditions [84] , [85] . The cyclic voltammetry indicated that the Pd/MWCNTs could oxidize CH 4 and an electrochemical sensor was fabricated by simply depositing the nanocomposites onto an indium tin oxide (ITO) substrate. The response to CH 4 was obtained in the range of 0-16% v/v with a detection limit of 0.167% v/v. In spite of a lack of observable cross-sensitivity from N 2 , CO and CO 2 , the signal did show some degree of cross-interference with H 2 and NH 3 . The chemical reactivity of carbon nanotubes can be significantly enhanced by functionalizing the sidewalls with specific functional groups [86] . A carboxyl (COOH) and thiol (SH) functionalized MWCNTs buckypapers has been reported to detect CH 4 and CO at room temperature [87] . The high affinity of CH 4 to both functional groups led to a good sensitivity towards 400 ppm gas and a baseline drift due to the chemisorption. While CH 4 acted as an oxidizing agent and showed increasing resistances to both functional groups, the carboxylic CNTs showed a decrease in resistance and thiolated CNTs showed an increase in resistance upon exposure to CO as a result of partial charge transfer to or from CNTs. Graphene has been added into PANI to form nanocomposites and applied to fabricate room temperature methane sensor [88] . The detection range of CH 4 was enlarged to 10-1600 ppm by increasing the mass ratio of graphene to PANI, which was attributed to the formation of a π-π * conjugation system and the high surface area of the composites. Graphene and carbon nanotubes were assembled and this hybrid was further combined with poly(methyl methacrylate) (PMMA) to prepare a nanocomposite layer coated on an optical fiber [89] . From the SPR spectra recorded in the presence of CH 4 , the GCNT/PMMA nanocomposite-based probe showed the best sensitivity to 10-100 ppm CH 4 as compared to other sensing layers. Also, the cross-sensitivity from NH 3 , H 2 S, Cl 2 , CO 2 , H 2 and N 2 was minimized as a result of the cumulative effect on enhancing the CH 4 adsorption affinity. Since the probe was constructed on a silica optical fiber, it has additional advantages such as low cost, the potential for online monitoring, and immunity to electromagnetic disturbance.
The recent development of supramolecular compounds opens a new direction for the detection of methane at room temperature by taking advantage of a specific recognition between the host molecules and the guest molecules based on "key-lock" system [90] . Cryptophanes are synthetic supramolecular compounds with enforced cavity of the proper size for molecular guest encapsulation [91] , [92] , representing an essential category of supramolecular hosts that can form stable inclusion complexes with neutral and cationic molecules [93] . Cryptophane-A, the smallest compound of the cryptophanes, has been proven by NMR data that methane can be trapped to form complexes [94] and exhibits a selective and reversible affinity for methane [95] . Sun et al. [96] fabricated a QCM gas sensor based on cryptophane-A synthesized by double trimerisation method. The sensor could detect CH 4 in the range of 0.05% to 0.4% with a theoretical detection limit of 15 ppm. The sensor showed good selectivity against NH 3 , NO 2 , CO and H 2 at room temperature. However, both temperature and humidity imposed an adverse effect on the sensitivity. A dual QCM structure with a reference sensor was proposed for compensation of temperature and humidity. Benounis et al. [97] developed an evanescent wave optical fiber sensor by the inclusion of two types of cryptophane molecules in a polymeric cladding (polysiloxane) deposited on a PCS fiber. The detection limit for methane was 2% v/v with cryptophane-A and 6% v/v with cryptophane E. The sensor had a good selectivity to CH 4 in the presence of low concentrations of ethane and butane (<8% v/v) while a strong effect of alkane condensation in the polymer was observed for elevated levels of butane (>15% v/v). Khoshaman et al. [98] applied electrospinning and spin coating to prepare different mixtures of Cryptophane A for gravimetric detection of methane, showing a theoretical detection limit of 3 ppm and 7 ppm, respectively and a capability to detect the lower explosion limit (5%). The sensor was still suffered from the humidity interference which is a common disadvantage of QCM sensors. Wu et al. [99] coated a thin layer of cryptophane A/silicone onto an optical fiber and inserted the fiber into a fused-silica capillary to construct an annular column for mode-filtered light sensing of methane at ambient conditions. The dynamic responses for CH 4 was ranged 0-16.0% v/v with a detection limit of 0.15% v/v. There was almost no interference from oxygen, hydrogen and carbon dioxide but moderate crosssensitivity from dichloromethane and carbon tetrachloride was inevitable. Tao et al. [100] constructed an optical fiber sensor based on luminescence quenching of cryptophane-A/silica nanowires for dynamically monitoring methane in the range of 0.1% to 3.5% v/v at room temperature. The sensor exhibited a blue luminescence when excited by 380 nm UV light, and it could be efficiently quenched by molecular methane. But at high concentrations (2.5-3.0% v/v), quenching instability was observed due to the reaction kinetics. Typical concentrations of O 2 , N 2 , CO 2 , C 2 H 6 , SO 2 and H 2 S did not interfere significantly towards the CH 4 response.
C. Carbon Monoxide
Carbon monoxide is a critical key gas dissolved in transformer oil due to its relation to cellulose decomposition, which can timely and efficiently represent the insulation performance of the transformer. Carbon monoxide is produced either from long-term overheating in the bulk of the oilimpregnated cellulose or from hot spots which develop under increased loads [14] . Consequently, traditional DGA technique is unhelpful in distinguishing hot spots from bulk overheating by carbon monoxide levels [14] . The hot-spot area is usually impossible to identify, which makes it difficult to obtain a paper insulation sample [101] . Therefore, development and deployment of high-performance CO gas sensors are one of the viable ways for effective online monitoring of insulation performance.
A key challenge in detection and quantification of CO relevant for power transformer monitoring applications is that most electrochemical sensors based on semiconducting metal oxides such as TiO 2 [102] , [103] , SnO 2 [104] , In 2 O 3 [105] , and ZnO [106] , detect CO only at relatively high temperatures (300-500°C). The addition of noble metals to some metal oxides such as Pt-SnO 2 [107] and Au-ZnO [108] can lower the operating temperature to 25-100°C. Lai et al. [109] synthesized hybrid nanostructures by decorating Pd or Pt nanoparticles onto flower-like In 2 O 3 nanobundles, which could lower the operating temperature to 25°C for the detection of CO. The UV irradiation-assisted approach enhanced the uniform distribution of Pd or Pt nanoparticles on the oxide supports (Fig. 4) , indicating catalytic effects on the oxidation of CO. The sensor demonstrated outstanding sensing features with excellent response speed and a high sensitivity to 50-200 ppm CO (Fig. 5) .
Novel materials have been explored for the detection of CO at ambient conditions. A summary of sensors focused on the detection of CO at ambient conditions are provided in Table V . An amorphous hydrous ruthenium oxide was synthesized and its change in conductivity with CO at room temperature was investigated to develop an ambient CO monitor [110] . The lower valent states of ruthenium contributed to the CO oxidation at ambient conditions, which produced CO responses in the range of 250-1000 ppm with a detection limit of 32 ppm. The sensing device showed no response towards CO 2 , CH 4 , C 3 H 8 , NH 3 , NO and NO 2 , indicating a good selectivity to CO. Tellurium thin films were deposited onto glass substrates by thermal vacuum evaporation to study the electrical conductivity in the presence of propylamine (C 3 H 7 NH 2 ) and CO at room temperature [111] . The authors assumed that the CO vapor leads to formation of surface acceptor centers and reduces the resistance of p-type Te-based films, although the mechanism was not well understood. Nevertheless, the Tebased films demonstrated good sensitivity to CO in the range of 0-500 ppm. The growth of hexagonal Tellurium nanotubes has been reported by a direct vapor phase process [112] . With a hollow structure providing a high surface-to-volume ratio, the sensor showed an excellent sensitivity to 30-200 ppm CO and 3-15 ppm NO 2 at room temperature.
D. Acetylene
Acetylene may be generated from three different fault conditions: high-temperature overheating, partial discharge (lowenergy), or high intensity arcing. In the case of overheating above 700°C, acetylene will represent a small proportion of the hydrocarbon gases. In the case of partial discharge, trace quantities of acetylene will be generated relative to hydrogen and methane. As the intensity of the discharge escalates, the acetylene concentration rises rapidly. When the intensity of the electrical discharge reaches arcing or continuing discharge produces temperatures above 700°C, the quantity of acetylene becomes considerable. Depending on different fault conditions, the concentrations of acetylene vary from 1 ppm to tens of ppm level. Therefore, analyzing the concentration and generation rate of acetylene in transformer oil plays a significant role in the diagnosis of high-temperature related faults.
Wang et al. [113] showed an advancement in C 2 H 2 sensor by synthesizing nickel-doped ZnO nanofibers through the electrospinning technique. The sensor showed an optimum operating temperature at 250°C to 100-2000 ppm C 2 H 2 , which was limited by a possible potential barrier for charge transfer during the adsorption of atmospheric oxygen. At lower temperatures, C 2 H 2 did not have sufficient energy to overcome the barrier which prevented C 2 H 2 reacting with the adsorbed oxygen ions. Also, Pt/ZnO [114] , [115] , hierarchical ZnO [116] , SnO 2 NPs [117] , Pd-SnO 2 [33] , PdOSnO 2 [118] , Sm 2 O 3 -SnO 2 [119] , [120] , Au/MWCNT [121] , Ag/Pd-SiO 2 [122] , rGO/SnO 2 [123] , etc., have been studied for C 2 H 2 sensing. However, the high operating temperature is still a great challenge in all of these cases for detecting C 2 H 2 in the transformer oil.
Recent efforts have been made to develop low-temperature C 2 H 2 sensors. A summary of sensors focused on the detection of C 2 H 2 at ambient conditions are provided in Table V . Uddin et al. [124] reported a hybrid nanostructure based on an Ag-ZnO-reduced graphene oxide (Gr) to fabricate a resistive C 2 H 2 sensor at low operating temperatures. The Agloaded ZnO nanoparticles uniformly distributed in the Gr sheet, forming nano-Schottky barriers and improving the surface reactivity. At an optimum temperature of 150°C, the 3 wt% Ag-ZnO-Gr hybrid showed an excellent sensitivity to 1-1000 ppm C 2 H 2 and a negligible response to H 2 , CO, CO 2 , NO 2 and O 2 . Dong et al. [125] prepared ZnO nanoparticles by H 2 /Ar arc plasma and doped the as-synthesized ZnO to make ZnO-Ag and ZnO-Fe-Ag composites. The ZnObased materials had a maximum response of 42-5000 ppm C 2 H 2 at 120°C, but the selectivity was poor due to interferences from CO, H 2 and liquefied petroleum gas (LPG). Yan et al. [126] developed a microstructured optical fiber Bragg grating (MOFBG) for C 2 H 2 sensing applications based on absorption spectroscopy at room temperature. The fiber has a holey cladding for gas diffusion, in which the C 2 H 2 gas interacts with light through evanescent wave absorption. The photosensitive core was incorporated with Bragg gratings, the Bragg wavelength of which was set to overlap a characteristic absorption peak of the C 2 H 2 in the near-IR range in order to improve the detection selectivity. The sensor showed a response to C 2 H 2 in the range of 1.5%-7%, which is not sufficiently low to use as a detection limit in transformer oil monitoring applications. However, such detection limits may be possible to enhance through improved sensor design and optimization.
E. Moisture
Online monitoring of the moisture content in transformer oil by chemical sensors have been recognized as one of the most effective technique for transformer's maintenance. The moisture sensing capability can not only interpret the moisture dynamic exchange between the oil and paper insulation, but assess the oil condition by monitoring the degradation process. Various materials such as polymers and ceramics have been used to fabricate humidity sensors based on capacitive, resistive, optical, gravimetric and hydrometric techniques [127] . Polyeletrolytes and conjugated polymers are the two main materials for resistive sensors. As water molecules adsorbed on the porous polyelectrolyte films with ionic fuctional groups, ions dissolve in the water and become carriers of electric conduction [128] . Water molecules can also release protons to interact with the conjugated polymers. For example, the humidity sensing mechnism of polyaniline is based on the electron hopping assisted by proton exchange with water.
Unlike resistive polymeric sensors, non-ionic and highly polar polymers are used in capative sensors. Among them, cellulose acetates [129] , polymethyl methacrylates [130] and polyimides [131] have been proved to be sensitive in the high humidity range. The capacitive polymeric sensors show capacitance changes induced by the change of dielectric constant of the hygroscopic polymer when the adsorbed water occupies the free space between the polymeric molecules. The linear response can be attributed to the fact that the amount of adsorbed water is directly proportional to the relative humidity. Trace level of humidity from 5 to 25 ppm in transformer oil requires humidity measurement techniques which possess extremely high sensitivity. A summary of sensors focused on the detection of moisture at ambient conditions are provided in Table VI . Previous attempts to fabricate humidity sensors immersible in transformer oil made use of polyimide, as it is chemically inert and stable, and can absorb water to as much of 2% of its dry weight as a result of the microvoids in the polymeric network. Oommen evaluated a thin film polyimide sensor in transformer oil from 0 to 80°C [132] . The sensor responded to 0-100% relative saturation of moisture content and was capable to detect as low as 1-2 ppm moisture changes at room temperature. Further testing was performed in a 500 kVA transformer where the sensor unit was installed in the external loop. The moisture sensing was demonstrated to give warning of hazardous conditions from high moisture saturation in oil. Capacitive humidity sensors based on polyimide films were applied in transformer oil at 35, 50 and 70°C by von Guggenberg et al. [133] . The sensors showed response to the relative saturation of moisture in the oil, which has a linear relationship with the output voltage. The moisture content resolution was 0.03 ppm at 35°C and 0.1 ppm at 70°C for a 1 mV output voltage resolution, which corresponded to a sensitivity of 30 mV/ppm at 35°C and 9 mV/ppm at 70°C. Fu et al. [134] employed a polyimide-based capacitive sensor for on-line monitoring moisture in transformer oil at different temperatures. Incorporated with a temperature sensor, the monitoring system could reflect the variation of moisture content, relative saturation and temperature in oil. The moisture content increased when the temperature raised, which in turn made the relative saturation decrease. The tendency was explained by the moisture equilibrium curve among oil-papers. Rodriguez-Rodriguez et al. [43] developed an optical fiber sensor based on evanescent-wave scattering to detect moisture in an electrical apparatus. The polymer optical fiber was coated with Polyvinyl Acetate (PVA) and exposed within the oil/paper insulation. The moisture measurement employed two sensors, one in the dry oil as reference and the other in contact with the paper immersed in oil to detect moisture. The water presence affected the refractive index of the coated PVA with a micro porous structure, the light penetrating into the coating could be scattered out and the transmittance response from 380-780 nm wavelength was collected at different humidity. The sensor has been demonstrated in dry, semi dry and water-saturated conditions. Zhang et al. [135] presented a fiber Bragg grating humidity sensor using poly(methyl methacrylate) (PMMA). The detection limit was as low as 0.05 ppm water content in transformer oil. The wavelength change was induced by the change of the refractive index of PMMA in varying moisture content.
Some hydrophilic polymeric materials lack durability against water and become soluble in water after long use. For this reason porous ceramics are another promising materials for humidity sensing applications because of the microstructure, chemical stability and mechanical strength [136] . They can be categorized into ionic and electronic types based on the change of electrical properties induced by the wateradsorption processes [136] . The sensing mechanism of the ionic type depends on the surface coverage of adsorbed water. The process can be described by the Grottuss chain reaction [136] , through which protons tunnel from one water molecule to the next via hydrogen bonding. The sensing mechanism of the electronic type is based on the electron transfer from water to oxides, which increase the conductivity of n-type semiconductors and decrease the conductivity of p-type semiconductors. In addition, water molecules can replace the adsorbed oxygen ions and release the electrons from them. While the ceramic sensors exhibit humidity-dependent resistance, the physisorption and capillary condensation of water molecules in the porous matrix induces the change of the overall dielectric constant, which causes the value of capacitance to increase with the increasing humidity [128] . Compared with polyeletrolytes, thin film alumina prepared by sol-gel technique is insoluble in water. The humidity sensor fabricated by Saha et al. [137] exhibited trace moisture response in the range of 2-50 ppm. The response in transformer oil was also reported to be sufficiently linear in the range of 6-20 ppm [138] . Islam et al. [139] reported a capacitive sensor based on porous alumina thin film for detecting trace humidity in the range of 2.5-25 ppm. The sol-gel method produced a porous film with high surface to volume ratio and average pore size of 10 Å. The sensor had negligible drift from 20 to 85°C and good stability within 6 days. The cross sensitivity to organic vapors such as isopropyl, acetone and ethane was also small compared with the humidity response. The achieved characteristics could fulfill the application needs of humidity measurement in transformer oil. However, it was also pointed out that ceramic humidity sensors are less resistant than polymers to surface contamination and hence they require periodic regeneration by heat cleaning to remove contaminants and hydroxyl ions [136] . Mezher et al. [140] deposited Pt nanostructures on an ITO substrate to detect water in transformer oil. The conductivity of Pt was reduced by water, leading to a change of the dielectric constant. The fabricated sensors displayed a good sensitivity to 15-21 ppm dissolved water in oil.
IV. FUTURE PERSPECTIVE
A. Technical Specifications of DGA Sensors
A healthy maintained large power transformer can maintain steady behavior for 60 years [1] , but with their critical role in the function of power delivery, the risk of failure and predictive sensing is essential for those devices which are costly to repair or replace. Hence, it has become increasingly necessary to develop real-time monitoring and nondestructive diagnostic tools at sufficiently low costs for condition assessment of power transformers. By means of DGA, information from the insulation oil is one of the most significant sources for evaluating transformer health and has turned into a vital part of preventive maintenance programs. Traditionally, DGA has involved the off-line measurement of dissolved gases in oil by gas chromatography [141] . This technique is laborious and inclined to measurement errors during sample handling, which has motivated the development of gas sensors that are capable of fast, continuous, real-time monitoring of dissolved gases. In practice, general analytics, implementation and specifications are needed for the development of DGA sensors [52] . Each transformer fault can generate a variety of dissolved gases, hence future online sensors should either distinguish one particular gas from a complex gas environment or have the capability to detect a set of different gas signals that can then be interpreted by pattern recognition. Based on the types of dissolved gases, a wide dynamic range should cover the upper and lower limit of key gases concentrations and a detection limit below 100 ppm is required. Liquid-filled transformers perform normal operation with standard rises of 55°C and 65°C based on a maximum ambient temperature of 40°C [142] . The sensors should exhibit their optimum sensitivity at a temperature range from ambient to 110°C in an operating transformer [143] . The continuous flowing of transformer oil produces significant noise and fluctuation on the sensor surface when the sensor is immersed in the oil. A healthy, well maintained large power transformer can maintain steady behavior for as long as 60 years in practice [1] . Therefore, the sensors should maintain the stability on the time scale of years (more preferably for the full lifetime of the transformer) and survive in oil environments.
B. Current Limitations and Future Direction
In the field of sensor research and development, one primary emerging trend in recent years has been the pursuit of nanosized materials with tailored structures for both enhanced functionality and optimized integration with various new and emerging sensing platforms. However, more endeavors are needed to realize practical applications of chemical sensors for dissolved gas analysis. We consider the following categories critical for future development of DGA sensors.
1) Reliability and Compatibility of the Sensor Platform: Nowadays a major task of the DGA sensor research is to develop superior and dependable gas sensors that can survive inside the transformers without introducing additional potential sources of asset failure. For this reason, the sensor materials as well as the selected sensing platform must be inherently reliable and must also minimize the introduction of new potential sources of failure in critical electrical assets to be monitored. As discussed above, a wide range of potential sensor devices and platforms can be leveraged for the purpose of DGA applications. Two approaches appear to be particularly compatible for applications in such energized electrical systems, namely passive and wireless sensors as well as optical fiber based sensor platforms. a) Wireless Sensors: Recently, wireless sensor networks (WSNs) have been widely recognized as a promising technology for the next-generation electric power system, which can provide a feasible sensing and communication solution for remote system monitoring and diagnosis systems [144] . In addition, the deployment of passive and wireless sensor devices internal to energized power assets allows for the elimination of electrical wiring and active power sources reduces the potential for introducing new sources of failure through sensor integration. Research focused on the reliability of WSNs, such as wireless channel modeling and link-quality characterization [145] , in harsh environments are critical when designing and deploying a reliable WSN in the electrical assets. However, the cost of reliable wireless sensing is still far too great for massively scaled-up deployments making cost reductions of wireless sensing devices, telemetry, and communication methods a key challenge for successful realization in practice [146] . Another key challenge is to identify very stable analytical chemistries and methods that, once incorporated into wireless devices, will provide the basis for the quality of the analytical signals that will be fed into the Web-based networks for higher-level decision-making [147] . The potential for development of wireless sensor devices for which a range of analytes can be simultaneously monitored through integration with a range of engineered sensing materials can help to address these challenges by increasing the value of each sensor node. Yet another major technical challenge surrounds the ability to integrate wireless sensor devices into electrified power assets for which small geometrical confinements and metallic enclosures create significant difficulties associated with wireless telemetry internal to the asset. Clearly, achieving this vision of massively networked wireless sensor devices will depend critically on the ruggedness and reliability, cost, and capability for successful wireless telemetry of wireless sensor devices internal and external to the electrical asset being monitored. A foundational technology to achieve these goals involves development of suitable sensing chemistries which are enabling for low-cost and multi-functional wireless sensor devices.
b) Optical Fiber Sensors: While a number of sensor platforms can potentially satisfy the needs for insulation oil monitoring in power transformers and other electrical assets, optical fiber based sensors have ideal compatibility due to a natural immunity to any electromagnetic interference and the internal electrical insulation which does not potentially compromise the insulation of the coils or introduce other potential additional sources of faults when placed inside the transformer. Optical fiber based sensors also do not suffer from the challenges of telemetry internal to an energized electrical power asset as they can be networked and multiplexed on a single strand of optical fiber throughout the asset without the need for electrical wires or free space electromagnetic wave propagation. Optical fiber based sensors can also be integrated with wireless sensor networks using commercially available wireless technology through integration with the interrogation and telemetry system. In addition to the conventional DGA application, optical fiber sensors also easily handle multiplexed sensors and allow for spatially resolved monitoring of temperatures as well as other parameters through distributed interrogation methodologies [148] , which makes mapping hot spots or electrical discharges to specific locations in the transformer possible. For example, the real-time monitoring of energized transformer core temperature has been realized by a distributed fiber optic sensor [149] and a distributed interrogation system was incorporated into a single-mode fiber optic sensor for measuring the spatial distribution of temperature in the presence of hydrogen in solid-oxide fuel cells [150] , which has the potential for dual hydrogen/temperature sensor development. Optical fibers modified with nanostructured metal oxides have also been developed for distributed sensing of H 2 [151, 152] and NH 3 [153] , which demonstrates the potential for designing fiber optic chemical sensing platforms for a wide range of analytes based on integration with metal oxides and other classes of nanomaterials. Due to the costs of many advanced optical components utilized for the interrogation of optical fibers in conventional sensing applications, a key technical challenge remaining with the optical fiber platform for DGA applications lies in the ability to creatively develop multi-functional and low-cost sensors that are economically viable yet retain critical advantages of the technology platform. Development of new sensing chemistries based in many cases upon engineered nanostructured materials will also play a key enabling role.
2) Sensitivity for a Broader Range of Analytes: While significant progress has been recently accomplished on lowtemperature sensors for H 2 , CH 4 , CO and C 2 H 2 using various nanostructured materials, there is only limited literature involved in the development of ethylene and ethane roomtemperature sensors [154] , [155] . Additional work will be required to address the full range of chemical species necessary for a thorough DGA chemical sensor platform that allows for a widespread deployment. Due to the limited focus on a narrow range of target gases, the primary approach to assess the transformer condition by chemical sensors are based on the key gas evaluation of above-mentioned four gases. As the gas ratio evaluation is an indispensable supplement for DGA, the future direction should be incorporated with detecting and quantifying a complex alkane mixture including ethylene and ethane. A technical solution to this need will necessarily involve a combination of the development of advanced nanostructured sensing layers specifically targeted towards these challenging analytes along with leveraging inherent advantages of advanced sensing platforms [156] - [158] . As one example, opportunities exist for exploitation of the broad range of spectroscopy wavelengths and techniques (polarization analysis, transmission spectroscopy, fluorescence spectroscopy, Raman spectroscopy, etc.) compatible with the optical fiber sensor platform amongst others [159] , [160] .
3) Selectivity and Multi-Component Speciation: While sensor sensitivity remains a primary metric of importance, it tends to be a challenge for which existing solutions can often be identified through approaches such as surface functionalization and engineering of nanostructured based sensing layers. A more daunting challenge for which future research efforts must place a particular emphasis is in the area of selectivity, as the technical solutions to achieving desired levels of selectivity are typically not evident and can be highly dependent upon the end-use application in question. For example, the insulating mineral oils of transformers are made of various hydrocarbon molecules which decompose in the presence of thermal or electrical faults following a rather complicated process. For pure metal oxides whose sensing mechanism relies on the surface redox reactions between gas molecules and chemisorbed oxygen species, it is quite difficult to improve the selectivity for specifically responding to only one target. Examples of well-studied approaches that are still worthy of further pursuit include the fabrication of composites by introducing noble metals, polymers, carbon materials and other metal oxides for which optimization in sensor selectivity can be achieved towards certain gases. Another approach involves the identification and leveraging of novel materials for which selectivity is inherent such as the well-known supramolecules such as Cryptophane for CH 4 sensing, Pd and Pt-based sensing layers for H 2 sensing, and others. Each of these "inherently selective" materials will still suffer from interferences and in some cases surface poisoning that require specially tailored engineering strategies in all cases. Further work in this direction will be absolutely critical for successful realization of sufficiently low-cost, high performing chemical sensors.
As discussed in the context of expanding the sensitivity for the range of analytes being monitored, viable technical solutions to achieve required levels of selectivity to a particular analyte in such complex gas mixtures may also require the integration of advanced sensing layers with emerging sensor technology platforms and multi-variate data analytics techniques such as multi-element array passive wireless sensor devices and optical fiber based sensor devices that leverage multi-wavelength interrogation [161] - [163] .
4) Stability of the Sensing Platform and Materials:
In the case of dissolved gas analysis for insulation oil monitoring, there is a particular need for long-term stability in the presence of near-ambient temperatures and hydrocarbon based fluids and gases. To date, this limitation does not appear to be the primary challenge for the successful realization of chemical sensors for the purpose of power transformer and other electrical asset monitoring applications although it does preclude certain classes of incompatible organic and other functional sensor layers from being deployed successfully in this particular application. In fact, some of the previous works in this area have successfully shown that sensor stability can be preserved without critical degradation for several months, although most results have been acquired under well-controlled laboratory conditions. For other novel and emerging chemical sensor approaches, application relevant testing must be performed to determine stability criteria which are compatible with the requirements for deployment in a realistic environment with sufficiently acceptable lifetimes.
5) Integration and Applications Including Data Analytics:
Despite these identified challenges, development of online sensing of transformer condition itself can provide a layer of situational awareness to electric grid operations and maintenance not yet realized, in particular for distribution level devices. The opportunities remain great for advancements in real-time insulation and insulation-oil monitoring at sufficiently low costs for ultimate widespread deployment throughout the electricity infrastructure in addition to their well-established application in large power transformer applications. For example, the types of gases that are formed in insulation systems such as oil-insulated power cables are similar to oil-filled transformers under electrical and thermal stresses [164] . While sampling and laboratory tests for DGA and moisture content has been found suitable for certain cases, broader deployment of real-time monitoring technology can have a potential impact on further improved system reliability and resiliency in an economical manner based upon condition based maintenance programs [165] . In general, it is found that the development and implementation of condition monitoring techniques for electrical assets such as power transformers, generators and induction motors is currently at different stages [166] . In many cases, on-line monitoring systems have been put into practice but there are remaining needs for specialized parameter measurements as well as the broader deployment of technologies for solutions which already exist through lower-cost sensor development. In addition to new sensor device hardware development, advanced communications and data analytics technologies are also critical for successful deployment of novel on-line monitoring systems. These technologies aggregate data from sensors, operations data, and other service records to derive executable information for decision makers at various operation areas. The challenges in real applications have driven the synergy of different techniques to be more adaptive. The hybrid system has demonstrated the potential to extend the capabilities of the system beyond either of these technologies when applied individually [167] . Advances in data analytics at the individual device level, as well as the ability to integrate information from multi-point sensor arrays, are examples of significant emerging trends which require major new development and deployment efforts in tandem with new sensor device materials and hardware research to enable increased sensitivity, selectivity, low cost and high-energy efficiency [168] .
